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Abstract

Genome-wide association studies identified various loci associated with periodontal diseases, but assigning causal alleles remains difficult.
Likewise, the generation of biological meaning underlying a statistical association has been challenging. Here, we characterized the
genetic association at the gene ST8SIA| that increases the risk for severe periodontitis in smokers. We used CRISPR/dCas9 activation
and RNA-sequencing to identify genetic interaction partners of ST8SIA/ and to determine its function in the cell. We used reporter
gene assays to identify regulatory elements at the associated single-nucleotide polymorphisms (SNPs) and to determine effect directions
and allele-specific changes of enhancer activity. Antibody electrophoretic mobility shift assays proved allele-specific transcription factor
binding at the putative causal SNPs. We found the reported periodontitis risk gene ABCA| as the top upregulated gene following STSSIA|
activation. Gene set enrichment analysis showed highest effects on integrin cell surface interactions (area under the curve [AUC] = 0.85;
q=4.9 x 107%) and cell cycle regulation (AUC = 0.89; g = 1.6 x 107°). We identified 2 associated repressor elements in the introns of
ST8SIA| that bind the transcriptional repressor BACHI. The putative causative variant rs2012722 decreased BACHI binding by 40%.
We also pinpointed ST8SIA| as the target gene of the association. ST8SIA/ inhibits cell adhesion with extracellular matrix proteins,
integrins, and cell cycle, as well as enhances apoptosis. Likewise, tobacco smoke reportedly results in an inhibition of cell adhesion and
a decrease in integrin-positive cells and cell growth. We conclude that impaired ST8SIA| repression, independently caused by reduced
BACH | binding at the effect T allele, as well as by tobacco smoke, contributes to higher ST8SIA! levels, and in smokers who carry the
effect T allele, both factors would be additive with damaging effects on the gingival barrier integrity. The activity of ST8SIA/ is also linked
with the periodontitis risk gene ABCAI.
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alleles of a SNP may cause variation in expression levels of
messenger RNAs (mRNAs), if they are located in a gene regu-
latory noncoding chromatin element (Rockman and Kruglyak
2006). These genomic locations are termed expression quanti-
tative trait loci (eQTL). It is considered that they influence the
expression of either closely located (cis) or more remote (trans)
genes (Bryois et al. 2014). Thus, an experimental approach to

Introduction

Genome-wide association studies (GWASSs) identified numer-
ous loci statistically associated with risk for complex human
diseases and traits (Buniello et al. 2019). Complex diseases
such as periodontitis are characterized by a complex etiology
and genetic heterogeneity. The current challenge is to leverage
the GWAS-implicated disease risk loci to biological meaning
(Gallagher and Chen-Plotkin 2018). Several factors make it
difficult to link the statistical associations to a functional
understanding of the biology underlying disease risk. First, the
associated regions often span thousands of DNA bases with the
most significant disease-associated variant, called the lead
single-nucleotide polymorphism (SNP) or sentinel variant, in
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strong linkage disequilibrium (LD) with many coinherited
variants comprising an associated haplotype block (Gabriel
et al. 2002). Consequently, the associations do not specify which
of the linked variants at that locus is actually causing the asso-
ciation. This requires empirical validation to determine which
variants are functional. Second, the molecular mechanism that
the causal variant influences needs characterization to explain
the role of the effect alleles in disease (Albert and Kruglyak
2015; Pai et al. 2015). Last, most of the GWAS-associated
SNPs fall within nonprotein coding sequences. The different
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Figure I. Workflow of the experiments. The shaded fields describe
the methods. The material used is given in brackets. The dotted fields
indicate putative findings that suggest the subsequent experiments.

determine the actual target gene is necessary. Answering these
problems connects the disease with a molecular mechanism
and points to a regulatory genetic pathway. This improves our
understanding of the disease etiology, and it might lead to new
treatment options.

For a functional characterization of an association, comple-
mentary methods need to be integrated. CRISPR/dCas9 activa-
tion (CRISPRa) can be used to validate the physical interaction
between a putative enhancer and a candidate gene promoter to
determine the target gene of the association (Gilbert et al.
2014). Reporter gene assays allow direct testing of whether an
associated variant locates to a regulatory sequence and whether
an individual allele affects gene expression. An electrophoretic
mobility shift assay (EMSA) allows interrogation of the bind-
ing affinities of a transcription factor in the presence of either
the effect allele or the noneffect allele.

In a previous genome-wide gene x smoking interaction
study, we identified a nominal genetic association at introns 1
and 2 of the gene STS8SIAI (sialyltransferase ST8 alpha-N-
acetyl-neuraminide alpha-2,8-sialyltransferase 1), a member of
glycosyltransferase family 29, that increased the risk for peri-
odontitis in smokers (Freitag-Wolf et al. 2019). For the
disease-associated alleles, strong modifying effects on the
expression of ST8SIAI were reported by studies that investi-
gated eQTLs (Zou et al. 2012; GTEx-Consortium 2013). The
strong effects of these SNPs on the expression of STSSIAI,
which were much less for other genes, suggested STS8SIAI as
the target gene of the association. ST8SI41 has a function in
inhibition of cell adhesion with extracellular matrix (ECM)
proteins, in S-phase arrest of the cell cycle and apoptosis
(Mandal et al. 2014). Notably, S78SI41 showed strong

upregulation after exposure to cigarette smoke extract in vitro
(Freitag-Wolf et al. 2019). Tobacco smoke results in an inhibi-
tion of cell adhesion, a decrease in integrin-positive cells, and
reduced cell growth (Semlali, Chakir, Goulet, et al. 2011;
Semlali, Chakir, and Rouabhia 2011).

We hypothesized that this, in conjunction with the increased
expression of ST8SIA after cigarette smoke exposure, made it
an interesting candidate gene that might link the genetic sus-
ceptibility to periodontitis with the deleterious effects of
tobacco smoke. The aim of the current study was to identify genes
and gene networks that respond to increased ST8SI41 expres-
sion and to characterize the association on the molecular level.

Materials and Methods

For clarity of the sequence of experiments, the workflow is
illustrated in Figure 1.

Cell Culture, Quantitative Reverse Transcription
Polymerase Chain Reaction, RNA-Sequencing,
and Reporter Gene Assays

The protocols are described in the Appendix.

CRISPR-Mediated Gene Activation

We used CRISPRa to induce expression of ST8SI41 for RNA-
sequencing (RNA-seq). The advantage of CRISPRa compared
to episomal expression plasmids is that it allows gene activa-
tion within the endogenous chromosomal context, including
naturally occurring genetic variants and in physiological con-
centrations. CRISPRa also provides the possibility to test
whether a genomic site serves as a cis-regulatory element for a
target gene of interest. Therefore, in addition to the RNA-seq
experiment, we used CRISPRa to validate if STSSIA! is the
target gene of the gene x smoking association. A detailed
description of the method is provided in the Appendix.

In Silico Analysis of Putative Causal Variants

LD between the lead SNP rs2728821 and other common SNPs
of this haplotype block was assessed using LDproxy Tool
(Machiela and Chanock 2015) with population groups CEU
(Utah Residents from North and West Europe) and GBR
(British in England and Scotland). We assessed LD using 72 as
a measure of correlation of alleles for 2 genetic variants
(Appendix Table 1). We analyzed if these SNPs located to
chromatin elements that correlate with regulatory functions of
gene expression provided from ENCODE (ENCODE-Project-
Consortium 2012) (Fig. 2). These elements were 1) open chro-
matin determined by DNAse I hypersensitivity (DHS), 2)
H3K27Ac and H3K4Mel histone modifications, 3) transcrip-
tion factor binding sites (TFBSs) experimentally confirmed by
chromatin immunoprecipitation sequencing (ChIP-seq), and 4)
chromatin state segmentation, which combines epigenomic
data into a sequence of functional chromatin states (Mammana
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Figure 2. Genome-wide association study (GWAS)—nominated linkage disequilibrium (LD)-single-nucleotide polymorphisms (SNPs) and 2 putative
regulatory regions at ST8SIA/. (A) The sentinel SNP (lead SNP) rs2728821 is marked with a bold dotted vertical line and the | | LD-SNPs are marked
with thin lines. From top: The first panel shows the chromosomal hgl9 positions and the exon-intron structure of ST8SIAI. This gene is transcribed
in reverse orientation with the promoter on the right. The second panel shows the ENCODE-derived H3K4me| and H3K27ac methylation marks
from 7 cell lines that are often associated with the higher activation of transcription and are defined as active enhancer marks. The third panel presents
the ENCODE-derived DNase | hypersensitive sites from |25 cell types. These accessible chromatin zones are functionally related to transcriptional
activity. The fourth panel presents the binding regions that were determined for 161 TFs by chromatin immunoprecipitation sequencing (ChIP-seq)
experiments of ENCODE. This panel does not show the exact transcription factor binding site (TFBS) but indicates transcription factor (TF) binding
was found at these chromatin regions. The bottom panel displays chromatin state segmentation for several human cell types (GM 12878, HI-hESC,
K562, HepG2, HUVEC, HMEC, HSMM, NHEK, NHLF) using a hidden Markov model (HMM) with ChlP-seq data for 9 TFs functionally related to
transcriptional activity as input. The states are colored to highlight predicted functional elements (orange = strong enhancer, yellow = weak enhancer,
green = weak transcribed, blue = insulator, red = active promoter, purple = poised promoter). (B) Closeup view of panel A. At 2 chromatin regions,
several LD-SNPs locate within strong enhancers predicted by HMM chromatin state segmentation patterns. The chromosomal hgl9 positions are
given in the top panel. The 3 LD-SNPs are marked with blue lines. The regions covered by the reporter gene constructs are highlighted with lemon
chiffon color. The positions of the single-guide RNAs (sgRNAs) are marked in red. (C) Frequency matrix (from Jaspar). The common G allele of SNP
rs2012722 is predicted to be required for BACH| binding, whereas the rare T allele strongly reduces binding affinity. Under the matrix, the DNA
sequences of Region | (regulatory element tagged by rs3819872) and Region 2 (regulatory element tagged by rs2012722) at the predicted BACHI
binding motif are indicated.
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and Chung 2015). To annotate eQTL effects of the associated
SNPs, we used the software tool QTLizer (Munz et al. 2020).
The eQTLs are listed in Appendix Table 2. To investigate
whether these SNPs changed predicted TFBSs, we used the TF
databases Transfac professional (geneXplain) (Wingender 2008)
and the open-access database Jaspar (Sandelin et al. 2004).

Electrophoretic Mobility Shift Assay

Allele-specific oligonucleotide probes (Appendix Table 3)
were designed to determine allele specificity of TF BTB and
CNC homology 1 (BACH1) binding. The EMSA protocol is
described in detail in the Appendix. The chemoluminescence
of the blotted antibody was detected on an X-ray film for
Western blot detection and quantified using the open-source
image-processing program, ImageJ] (Rueden et al. 2017).

Preparation and Induction of Cigarette
Smoke Extract

The cigarette smoke extract (CSE) was prepared according to
Freitag-Wolf et al. (2019). A detailed protocol is supplied in the
Appendix.

Results

The Periodontitis-Associated Chromatin Elements
Regulate ST8SIA| Expression in cis

The reported eQTLs of the associated SNPs suggested cis-
regulation of STSSIA1 expression. However, assignment of reg-
ulatory effects of associated regions on specific genes based on
eQLTs and linear proximity is error prone, because eQTLs are
statistical observations with no direct molecular evidence (Zeng
et al. 2017). Furthermore, enhancers often map large distances
away from their actual targets and do not necessarily influence
expression of the nearest gene. Induction of ST8SI41 expression
by positioning an activator protein to the locations of the associ-
ated SNPs by the CRISPRa system would prove their cis regula-
tory function. Cotransfection of HeLa cells with the CRISPRa
system SAM (Synergistic Activation Mediators) and plasmids
encoding single-guide RNAs (sgRNA) targeting the ST8SIA
promoter increased the expression of ST8SIA 1 1,694-fold (+180)
compared to cotransfection with unspecific control sgRNAs.
Cotransfection of promoter-targeting sgRNAs together with
sgRNAs that targeted regulatory region at rs3819872 or
rs2012722 further increased STS8SIAI expression 3,877-fold
(£808) and 5,403-fold (+253), respectively (Fig. 3A).

Overexpression of ST8SIA| Upregulates

ABCAI and the Gene Sets “Mitosis”

and “Integrin Cell Surface”

Exposure of cigarette smoke extract to gingival fibroblasts was

shown to cause significant upregulation of ST8SIA4 1 expression
(Freitag-Wolf et al. 2019). Here, we were interested in

identifying ST8SIA! responding genes and pathways. As the
top upregulated gene (not counting ST8SIA1 itself), RNA-
sequencing following endogenous activation of ST8SIAI
expression by CRISPRa found the suggestive periodontitis risk
gene ATP binding cassette subfamily A member 1 (ABCAI)
(Teumer et al. 2013) (Table). Gene set enrichment analysis
using a second-generation algorithm, contrasting ST8SIA]
CRISPRa cells compared to scrambled sgRNA as controls,
showed the highest effect sizes for the gene set “ran mediated
mitosis” (LI.M15), with an area under the curve (AUC) = 0.89
(¢ = 1.6 x 1075); “integrin cell surface interactions” (LLM1.1),
with an AUC = 0.85 (¢ = 4.9 x 107%); and “cell cycle” (DC.
M6.11), with AUC = 0.84 (¢ =2.9 x 107°) (Fig. 3B-D). In addi-
tion, GO enrichment analysis with hypergeometric test showed
enrichment of the GO pathways “energy coupled proton trans-
membrane transport, against electrochemical gradient” (GO:
0015988) and “electron transport coupled proton transport”
(GO:0015990), with ¢ = 0.0016.

Identification of Putative Causal Variants

SNP rs2728821 was reported as a lead SNP of the association
at ST8SIA in the gene x smoking interaction analysis (Freitag-
Wolf et al. 2019). rs2728821 is in strong LD (+* > 0.8) with 11
additional coinherited variants. We tested whether the nucleo-
tide variants of these 12 SNPs changed predicted TFBSs using
Transfac professional and Jaspar. At rs2012722, Transfac pro-
fessional predicted a TFBS for BACHI1. This was confirmed
by the motif collection of the database Jaspar. The rare T allele
strongly reduced the binding affinity (frequency matrix [by
Jaspar]: common allele = 13,050; rare allele = 1,545; i.e.,
88.2% reduction; Fig. 2). Neither databases predicted different
transcription factor (TF) binding affinities in the presence of
any allele for the other SNPs in LD (Appendix Table 4). Of the
12 SNPs, 152012722 alone located directly within a regulatory
region (data from ENCODE).

BACH| Has Reduced Binding Affinity
at the Effect T Allele of rs2012722

To demonstrate protein binding at rs2012722, we performed an
EMSA with allele-specific DNA probes. The band shift showed
stronger protein binding in the background of the common G
allele compared to the rare T allele (Fig. 4A, lanes 2 and 6). To
give evidence of the specificity of BACHI1 binding at
152012722, we performed the EMSA with a BACHI-specific
antibody. We observed a band super shift with the BACHI
antibody (lanes 3 and 7). In the background of the T allele, we
observed 42% reduced BACHI binding (Fig. 4B).

The Gene x Smoking Associated Haplotype
Block Contains Multiple BACH | Binding Sites

ENCODE data indicated the presence of an insulator separat-
ing the LD-SNPs downstream of rs2012722 (Fig. 2). Barrier
insulators usually prevent silencing of euchromatin by the
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Figure 3. Gene set enrichment analysis of CRISPRa induced ST8SIA| expression in Hela cells. (A) The periodontitis-associated DNA elements at
Region | (regulatory element tagged by rs3819872) and Region 2 (regulatory element tagged by rs2012722) regulate ST8SIA| expression. Data show 3
biological replicates for each experiment (**P = 0.0017, **P = 0.0002). CRISPR-activated cells with guide RNAs (gRNAs) that targeted the promoter
and regulatory region tagged by rs2012722 were used for RNA-sequencing (RNA-seq). (B=D) Evidence plots (receiver operator characteristic curves)
for the top 3 gene sets. Each panel corresponds to | gene set. The gray rug plot underneath each curve corresponds to genes sorted by P value, with
the genes belonging to the corresponding gene sets highlighted in red (upregulated genes) or blue (downregulated genes). Bright red or bright blue
indicates that the genes are significantly regulated. The area under the curve (AUC) corresponds to the effect size of the enrichment, with 0.5 being no

enrichment and 1.0 being maximal possible enrichment.

spread of neighboring heterochromatin (Gaszner and Felsenfeld
2006). The 7-kb upstream rs2012722 molecular features from
ENCODE indicated a second 567-base pair (bp)-long regula-
tory region, tagged by disease-associated S78SI41 SNP
rs3819872 (Fig. 2, Appendix Table 4). No insulator element
was observed to separate both regions. At this putative regula-
tory region, no associated LD-SNP mapped to a predicted
TFBS. It is considered that often the presence of more than 1
DNA binding site for a transcription factor in a regulatory
region of a gene and the ability of the transcription factor to
homodimerize contributes to regulation of the gene to a greater

extent than the presence of a single DNA-binding site (Funnell
and Crossley 2012). Therefore, it is conceivable that the pres-
ence of 2 (or more) DNA binding sites for a transcription factor
results in synergistic effects of gene expression. We hypothe-
sized that this regulatory region may also contain another
BACHI1 DNA binding motif. A search for this sequence motif
across this DNA element identified the BACH1 binding motif
at this region (chr12:22,428,944-56; hg19). To prove BACH1
binding at the DNA sequence of this predicted binding motif,
we performed a supershift EMSA. This experiment validated
BACH!]1 binding at this chromosomal position (Fig. 4C).
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Table. Top Up- and Downregulated Genes (P < 107%) after CRISPRa of ST8SIAI in HeLa Cells.

Fold Change

Gene Description (log,) P Value q Value

Upregulated genes
ST8SIAI ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase | 9.5 1.7E-20 2.3E-16
ABCAI° ATP binding cassette subfamily A member | 1.6 4.2E-05 1.5E-02
APCDDIL APC downregulated | like 1.5 4.9E-08 2.3E-04
HLA-DMB Major histocompatibility complex, class Il, DM beta 1.3 3.3E-05 | .4E-02
CAl'l Carbonic anhydrase 11 1.3 1.6E-05 8.9E-03
LPARS Lysophosphatidic acid receptor 5 1.2 3.5E-07 5.7E-04
HLA-DMA Major histocompatibility complex, class Il, DM alpha 1.2 4.2E-07 5.7E-04
ANGPTL2 Angiopoietin-like 2 1.1 |.8E-04 3.9E-02

Downregulated genes
PKDILI Polycystin | like I, transient receptor potential channel interacting -1.8 5.7E-05 |.9E-02
MALATI Metastasis-associated lung adenocarcinoma transcript | -0.7 5.9E-09 4.0E-05
ENCI Ectodermal-neural cortex | -0.5 5.2E-05 |.8E-02
MXRA5 Matrix remodeling associated 5 —0.4 2.7E-05 1.3E-02
ND5 Mitochondrially encoded NADH/ubiquinone oxidoreductase core subunit 5 -0.4 I.1E-05 6.8E-03
AMH Anti-Mullerian hormone -0.4 3.9E-04 6.4E-02
NDI Mitochondrially encoded NADH/ubiquinone oxidoreductase core subunit | —0.4 I.1E-07 3.6E-04
ZNF469 Zinc finger protein 469 -0.3 1.2E-04 3.1E-02

?Periodontitis risk gene (Teumer et al. 2013), highlighted in bold letters.

The Disease-Associated Regulatory
Elements with BACH | Binding Sites
Are Transcriptional Repressors

Regulator elements can either activate or repress transcription.
To measure the activity of the regulatory elements at the 2
BACHI binding sites and to discriminate their effect direc-
tions, we employed reporter genes. Because we previously
showed in vitro that ST8S74 I responded with increased expres-
sion to exposure with cigarette smoke extract (Freitag-Wolf
et al. 2019), we also tested whether the 2 regulatory elements
responded to CSE. Twenty-four hours after cotransfection of
gingival fibroblasts with the reporter gene plasmids for the 2
putative enhancers and of a reporter control plasmid, the tran-
script levels of the reporter genes for the regulatory regions
tagged by rs3819872 and rs2012722 showed —7.9-fold change
(P =0.02) and —1.9-fold change reduction (P = 0.02), respec-
tively (Fig. 4D-E). CSE stimulation did not significantly
change repressor activity compared to the no-CSE controls.

Discussion

Using CRISPRa, we showed that the identified periodontitis-
associated repressor elements regulate ST8SIA/ expression,
implying ST8SIA! as target gene of the association. ST8SIA1
is a membrane protein that is responsible for the production of
gangliosides (GDs), specifically of GD3, which has a particu-
lar role in cell adhesion (Sasaki et al. 1994). We showed that
ST8SIA1 activation by CRISPRa induced several gene sets,
and the highest effect sizes were “mitosis,” “integrin cell sur-
face interactions,” and “cell cycle.” This is concordant with
another study that showed ST8SIAI-transfected pancreatic
cancer cells exhibited inhibition of cell adhesion with ECM
proteins and showed arrest in the S-phase of the cell cycle as

well as enhanced apoptosis (Mandal et al. 2014). These find-
ings imply a function of ST8SIA1 in regulation of integrin-
mediated cell adhesion in formation and remodeling of the
ECM.

We identified a TFBS for the transcription factor BACH1 at
the associated ST8SIA1 SNPrs2012722 and confirmed BACH1
binding, implying a functional role of BACHI1 signaling for the
association with periodontitis and this SNP as the causal vari-
ant. BACH1 is widely expressed in most tissues and functions
primarily as a transcriptional suppressor. It has known roles in
the regulation of cell cycle and mitosis, and it suppresses
angiogenesis by regulating target genes of the Wnt/p-catenin
signaling pathway (Zhang et al. 2018). We showed an allele-
specific effect on the TF binding affinity, using a BACH1 anti-
body in a supershift EMSA. However, unlike the supershift
EMSA with the BACHI antibody, the reporter assays did not
show allele-specific transcript changes. This could indicate
that the effect of the effect T allele of rs2012722 was below the
detection limit of the reporter gene. However, while the DNA
probe of the EMSA was 43 bp in length, the enhancer sequences
of the reporter genes comprised 79 bp. It is possible that addi-
tional TFs present in the protein extract of the gingival fibro-
blasts bound to the reporter genes and stabilized BACHI
binding, thus compensating the effect of the causative T allele
in this in vitro system. In summary, the supershift EMSA and
the short probe were better able to identify the allele-specific
effect of the putative causative variant of rs2012722, but the
sensitivity of the reporter gene system was adequate to identify
directional effect of the enhancers.

Dysregulation of S78SI41 could be harmful on gingival
barrier integrity and wound healing (Mandal et al. 2014). The
effect T allele reduced binding of the repressor BACHI, and
CSE exposure significantly upregulated STSSIAI expression.
However, CSE showed no significant effect on the activity of
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the reporter gene that included the repressor element
at 1s2012722. Thus, increased ST8SIA1 expression
due to smoking and the risk allele would be indepen-
dent effects. This implies that the effects of the risk T
allele and smoking were additive in their contribu-
tion to unlock ST8SIAI repression. Similar to
ST8SIAT1 function, tobacco smoke causes inhibition
of cell adhesion, decreased numbers of B1-integrin-
positive cells, and reduced cell growth (Semlali,
Chakir, Goulet, et al. 2011). Smoke-exposed fibro-
blasts were not able to contract collagen gel matrix
and migrate following CSE exposure, which may
negatively affect periodontal wound healing
(Semlali, Chakir, Rouabhia 2011). These effects of
tobacco smoking would add to similar effects of
ST8SIAI. Taken together, it can be speculated that
the effects of tobacco smoking in carriers of the
effect T allele are additive. In contrast, nonsmokers
may be able to compensate the effect of the risk
allele, because the nonsmoking patient group showed
no association with increased disease susceptibility
and the risk haplotype.

Interestingly, CRISPRa upregulation of ST8SIA1
showed that the gene ABCA1 was the top upregu-
lated gene. Studies with ABCA 1 knockout mice dem-
onstrated anti-inflammatory roles for this transporter
(Zhu et al. 2008; Tang et al. 2009). A GWAS on peri-
odontitis reported ABCAI as a suggestive risk gene
of periodontitis, with rs4149263-A associated with
P=7x107"°, odds ratio = 0.8 (95% confidence inter-
val, 0.03—0.08) (Teumer et al. 2013). We conclude
that both genes are located in the same regulatory
cascade, implying a relevant role of this molecular
network in the etiology of periodontitis. This net-
work could contribute to impaired barrier integrity at
minor signs of inflammation.

Limitations of this study were that we possibly
missed TFBSs. Approaches to model the binding
specificity and position weight matrix (PWM) of a
TF have limitations, because the specificity of
protein-DNA binding also depends on the 3-
dimensional structure of DNA and TF protein mac-
romolecules and not only on the DNA sequence
(Rohs et al. 2010), and TF binding motifs are not
strictly conserved. This results in different motif
sequences and limited predictive accuracy of PWMs
(Weirauch et al. 2013). In addition, we analyzed only
SNPs in strong linkage (7* > 0.8). We did this because
the 7% coefficient of correlation takes account of
allele frequency. Strong LD, indicated by D’ but not
by 72, would include alleles that are inherited with
the particular lead SNP but are not carried by the
majority of cases because they are rare (Slatkin
2008). Such alleles would not be suggestive as caus-
ative variants because they would not explain the
association for the majority of cases. Another limita-
tion was that CRISPRa and RNA-seq was performed
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Figure 4. The disease-associated regulatory elements at ST8SIA| show repressor
activity and BACH| binding. (A) Electrophoretic mobility shift assay (EMSA)
indicated BACH| binding at rs2012722 and revealed allele-specific effects on the
binding affinity. Lanes | to 2 and 5 to 6 show EMSA without BACH| antibody. The
DNA probe that included the common G allele (lane 2) showed stronger protein
binding than the DNA probe with the T allele (lane 6). Addition of unlabeled DNA
showed the specificity of the band shift (lanes 1, 4, 5, and 8). The EMSA supershift
was carried out by coincubation of an anti-Bach| antibody with protein extract of
gingival fibroblasts and DNA probes specific for the common G allele or the rare

T allele of single-nucleotide polymorphism rs2012722. The effect T allele showed

a weaker BACH I-AB supershift band compared to the noneffect G allele. (B)
BACH | binding affinity was 42% reduced in the background of the effect T allele
compared to the noneffect G allele. (C) The band shift indicated BACHI binding at
rs3819872 (lanes 1-2, EMSA without BACH| antibody). For the predicted BACHI|
motif, the EMSA supershift was carried out by incubating an anti-Bach| antibody with
protein extract of gingival fibroblasts and specific DNA probes. The band supershift
validated BACHI binding at the predicted BACHI transcription factor binding

site (TFBS) (lane 4). (D, E) Reporter genes showed repressor activity of Region |
(regulatory element tagged by rs3819872) and Region 2 (regulatory element tagged
by rs2012722) in human immortalized fibroblasts 30 h after transfection independent
of 6-h cigarette smoke extract (CSE) stimulation. (A) —CSE = —7.9-fold, P = 0.0228;
+CSE = —5.8-fold, P = 0.0064. (B) —CSE = —1.9-fold, P = 0.0163; +CSE = —3.0-fold,

P <0.0001. (F) Reporter gene plasmids with the repressor element (79 bp spanning
rs2012722) showed reduced transcript levels compared to the control plasmid. The
differences in reporter gene messenger RNA expression determined by quantitative
reverse transcription polymerase chain reaction were not significant between the
individual alleles (P > 0.05).
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in HeLa cells instead of gingival cells. This was done because
gingival fibroblasts and epithelial cells showed poor survival
after transfection with the CRISPRa plasmids, probably
because of DNA toxicity, whereas HeLa cells showed high sur-
vival after transfection of the CRISPRa system. We hypothe-
sized that recruitment of a strong transcriptional activator to an
enhancer would be sufficient to drive target gene expression,
even if that enhancer was not currently active in the assayed
cells as recently demonstrated (Simeonov et al. 2017). HeLa
cells are of different developmental origin than gingival cells,
and it is possible that their transcriptional response to ST8SIA1
upregulation differs from gingival cells. But the observed
effects were similar to previous overexpression of ST8SI41 in
pancreatic cancer cells (Mandal et al. 2014). Thus, we consider
HeLa cells as an appropriate cell model for our CRISPRa
experiments.

In summary, we showed that the periodontitis risk genes
ST8SIA1 and ABCAI locate to the same genetic pathway. We
also identified and characterized the putative causal variant of
the gene x smoking interaction at ST8S14 1 and pinpointed this
glycosyltransferase gene as the target gene of the association
with severe periodontitis.
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